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Edited by Ivan SadowskiAbstract Engrailed is a homeodomain-containing transcription
factor with numerous, overlapping roles in neural development.
Its multifunctional nature depends upon an extremely diverse
group of molecular functions including the ability to regulate
both transcription and translation, and to be released from and
internalized by cells. Recent ﬁndings have shown how some
of these functions relate to speciﬁc roles in development and
disease.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cancer1. Introduction
Engrailed (En) was ﬁrst characterized as a Drosophila muta-
tion that results in a failure of the border that normally divides
the posterior and anterior wing compartments, resulting in the
homeotic transformation of the former into the latter [1]. The
cloning and subsequent characterization of the Drosophila En-
grailed gene revealed that it belongs to the ever expanding fam-
ily of homeodomain-containing transcription factors that play
key roles in development. Homologues of Engrailed are present
in numerous animal groups including annelids [2], mollusks [3],
insects [4], echinoderms [5], chordates [6], and vertebrates [7].
The latter have two Engrailed genes, En-1 and En-2, which
are largely functionally equivalent [8,9], although En-1 has
some speciﬁc functions during limb development.2. Engrailed proteins have complex structures and are multi-
functional
Despite a very high degree of functional conservation, the
En homologues have a relatively limited degree of sequence
conservation at the protein level. The highest level of conserva-
tion is within the DNA-binding domain, where it averages 90%
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doi:10.1016/j.febslet.2006.04.053have revealed four further regions of similarity [10], and to-
gether these are termed En homology regions (EHs), and are
designated numbers 1–5, where EH4 is the homeodomain
(Fig. 1). EH1 and EH5 mediate transcriptional repression,
the former by recruiting the co-repressor groucho [11], whilst
EH2 and EH3 bind PBX, a second homeodomain-containing
transcription factor that modiﬁes the DNA binding aﬃnity
and speciﬁcity of En [12,13].
In addition to transcriptional regulation, En proteins have a
number of other, apparently unrelated properties that are
functionally important. The ﬁrst of these is the ability to be se-
creted from cells, and to be internalized by others [14,15]. The
exact mechanistic basis for this phenomenon is unknown,
although it is clear that it depends upon a conserved nuclear
export sequence located in the homeodomain [16] (Fig. 1). A
proportion of cytoplasmic En protein associates with vesicles,
an interaction also mediated by homeodomain sequences [17],
and is subsequently secreted from the cell by an unconven-
tional and as yet uncharacterized pathway [15]. The mecha-
nism for the internalization of En is likewise unconventional,
occurring both at 4 and 37 C and not requiring a speciﬁc chi-
ral receptor [18,19]. As with secretion, internalization is also
dependant upon sequences within the homeodomain [20].
More recent advances have revealed that secretion is negatively
regulated by the CK2 kinase that targets a serine rich site on
the C-terminal end of the En protein [21].
Another noteworthy property of En protein is its ability to
bind directly to the eukaryotic translation initiation factor
4E (eIF4E), through a sequence located on the N-terminal side
[22] (Fig. 1). The high aﬃnity and speciﬁcity of this interaction
suggests that En may have a regulatory role in translation, as
well as transcription.3. En and neural development
En has multiple regulatory roles at diﬀerent stages of devel-
opment, involving transcriptional and translational regulation,
and secretion and internalization. The earliest of these roles is
the determination of the midbrain/hindbrain (MH) border, an
important organizing center during brain development. The
alar (dorsal) cells of this region express high levels of both
En-1 and En-2, and continue to do so even when transplanted
to other areas of the developing brain that do not usually ex-
press En [23,24]. Furthermore, these cells then promote the
expression of En in their new neighbors, which in turn take
on the characteristics of the transplanted tissue. This inductiveblished by Elsevier B.V. All rights reserved.
Fig. 1. Functional domains within the En protein.
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onic tissue from mice has the same eﬀect when transplanted
into chick embryos [24,25]. Also conserved is at least one of
the transcriptional targets that En-1 and En-2 regulate – the se-
creted peptide FGF8, which in turn can induce the expression
of the En genes [26–29].
One of the earliest neuronal subtypes that arise from the
MH is the mesencephalic dopaminergic (mesDA) neurons. De-
spite the large deletion of midbrain and hindbrain structures in
En-1/ and En-2/ double mutants, mesDA neurons are
still speciﬁed but undergo apoptosis shortly afterwards [30–
32]. Their continued survival in wild type embryos depends
on En expression [30,32].4. En and axonal guidance
Axonal guidance is key to developing the neural network,
and here too En plays an important role. Then guidance of ax-
ons depends upon the interaction between receptor proteins in
the axon and neighboring cells. Many of these receptors and
ligands have now been characterized, but the classic example
is that of the EphrinA ligand and its receptor, EphA. EphrinA
is expressed in a caudal (low) -to-rostral (high) gradient in the
tectum, and repels retinal axons expressing high levels of EphA
receptors [33,34]. These axons thus map to the rostral tectum
and avoid the caudal tectum where EphrinA is most densely
expressed. En-2 is expressed in a similar caudal-to-rostral gra-
dient within the tectum, where it promotes EphrinA transcrip-
tion [35,36] and thus has an important role in the
establishment of the EphrinA gradient.Fig. 2. An external gradient of En-2 protein repels Xenopus axons that
originate in the temporal retina, but attracts nasal axons (after Ref.
[37]). Adapted by permission from Macmillan Publishers Ltd. Nature
438, 94–98, copyright 2005.Intriguingly, recent results by Christine Holt’s and Alain
Prochiantz’s groups have shown that an external gradient of
En-2 protein can also act directly on axons after being internal-
ized by these cells [37]. In this study, the authors show that En-
2 protein can repel cultured Xenopus axons originating from
the temporal retina whilst attracting nasal axons (Fig. 2). In
both cases it does not seem to be the transcriptional activity
of En-2 that is important, but rather its ability to modify trans-
lation.5. En in the adult
Developmental genes often have adult functions, and fre-
quently have a role in disease states. This is certainly true of
the closely related HOX gene family [38], but relatively little
is known about En function in the adult. Within the nervous
system, the dopanergic neurons that depend on En-2 for sur-
vival during development continue to express high levels of
En-2 in the adult, indicating that En-2 may continue to allow
the survival of these cells [39]. In addition, En-2 is known to
be expressed in a number of cancers, and more recently has
been shown to be a potential oncogene in breast cancer [40].
In this study, non-tumorogenic murine mammary cell lines
were forced to express En-2 and subsequently exhibited a num-
ber of malignant characteristics including a reduction in cell
cycling time, a loss of cell to cell contact and a failure to diﬀer-
entiate in response to lactogenic hormones. In addition, RNAi
interference studies suggested that En-2 expression is required
for the maintenance of the transformed phenotype in a human
breast cancer cell line.6. Conclusions
En is a transcription factor with exceptional functional com-
plexity, as it not only modulates transcription, but also trans-
lation, and in addition seems to be capable of acting as a
morphogen in its own right. It is this functional diversity that
may underlie the diverse set of roles that En has during devel-
opment. There are undoubtedly further functions of En yet to
be elucidated, especially with regards to its expression in adult
tissues and in cancer.
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